Abstract A study of cluster characteristics and internal kinematical structure of the middle-aged Pleiades open star cluster is presented. The individual star apexes and various cluster kinematical parameters including the velocity ellipsoid parameters are determined using both Hipparcos and Gaia data. Modern astrometric parameters were taken from the Gaia Data Release 1 (DR1) in combination with the Radial Velocity Experiment Fifth Data Release (DR5). The necessary set of parameters including parallaxes, proper motions and radial velocities are used for n=17 stars from Gaia DR1+RAVE DR5 and for n=19 stars from the Hipparcos catalog using SIMBAD data base. Single stars are used to improve accuracy by eliminating orbital movements. RAVE DR5 measurements were taken only for the stars with the radial velocity errors not exceeding 2 km/s. For the Pleiades stars taken from Gaia, we found mean heliocentric distance • .52 ± 1
Introduction
Famously called as "the Seven Sisters", Pleiades open cluster (M45, Melotte 22 and NGC 1432) has attracted the observers since antiquity. Over the past century, the stellar content of the cluster have been studied extensively. Pleiades (α 2000 = 03 h 47 m 24 s , δ 2000 = +24
• 07 ′ 00 ′′ ) is located in the constellation of Taurus and contains about two thousand cluster members. Bouy et al. (2015) applied a probabilistic method based on multivariate data analysis (see, Sarro et al., 2014) to select high probability members of the Pleiades on the wide field data taken in multi epoch (Bouy et al., 2013) and Tycho-2 (Høg et al. 2000) catalogs. They identified a total of 2107 high probability member stars in the Pleiades region and produced the most complete member list.
The distance of Pleiades has been an interesting puzzle for the astronomical community. To date, there are several estimates of the heliocentric distance of Pleiades obtained by different methods. Using the moving cluster method, Galli et al. (2017) gave the distance value as 134.4 +2.9 −2.8 pc. Melis et al. (2014) determined the distance of 136.2 ± 1.2 pc to the Pleiades based on Very Long Baseline Interferometry (VLBI). Brown et al. (2016, Gaia collaboration) using the data from Gaia Data Release 1 (Gaia DR1) obtained the cluster's mean parallax value as 7.45 ± 0.3 mas corresponding to a distance of about 134 ± 6 pc. The method of double stars orbital modeling led to cluster's distance value of 138.0±1.5 pc (Groenewegen et al. 2007) . Recently, the twin stars method yielded the distance of 134.8 ± 1.7 pc to the Pleiades open cluster ( Mädler et al. 2016) . As can be noticed, majority of the distance estimates provide similar results, close to ∼135 pc. However, van Leeuwen (2009) , based on the re-calibrated parallaxes of 53 stars of the Hipparcos data (ESA, 1997), derived a distance 120.2 ± 1.9 pc, which differs from the above estimates. A possible reason for this underestimation can be the technique for averaging parallaxes. There was a long standing problem regarding the distance of Pleiades. According to Hipparcos data, the Pleiades distance is 118 pc, while most of the other determinations were in the range of 130 to 140 pc, (Gaia Collaboration, van Leeuwen 2017) . The difference in distance measurement secured using Hipparcos data may be due to the random errors (Francis & Anderson 2012) and other undetected causes.
The purpose of this article is to study the kinematical parameters of the Pleiades cluster. In this analysis, we have derived apex coordinates of the cluster using the cluster members selected on the basis of proper motions and radial velocity data. We are using two methods to determine convergent point of Pleiades: the Convergent Point (CP) method based on proper motions and the AD-chart method based on spatial velocity vectors. Depending on the accuracy of available astrometric measurements, the methods used in this work can provide precise apex position. We have also derived the cluster spatial velocity, velocity ellipsoid parameters etc. based on different astrometric data taken from Gaia DR1 and Hipparcos catalogues. This paper is organized as follows. In Sect. 2, we describe the sample of Pleiades stars and the dataset (proper motions, radial velocities and parallaxes) used in this analysis. In Sect. 3, we describe derivation of apex coordinate and different formulae. Discussions on different parameters are presented in Sect. 4. Finally, we summarize the various results in Table 3 .
Sample of stars
In this analysis, the main results are based on the recent data contained in the Tycho-Gaia astrometric solution (TGAS) of Gaia DR1 catalog (Brown et al. 2016) . Recently, van Leeuwen et al. (Gaia collaboration, 2017) used the TGAS data for some open clusters including the Pleiades. We used the Pleiades stars' list from van Leeuwen (Gaia collaboration, 2017) and combined this data with radial velocities from the fifth Data Release of the Radial Velocity Experiment (RAVE DR5, Kunder et al. 2017) . In order to understand the change from the old data based results, we also carried out the calculations with data from the Hipparcos catalog (HIP, ESA 1997) and the New Hipparcos astrometric catalog (HIP New), (van Leeuwen 2007) . Since our goal is to obtain the most accurate cluster parameters based on astrometry, in all the cases, we used data only for single stars, eliminating the double and multiple systems whose parameters can be distorted by orbital motions. This also applies to the radial velocities data. In the case of both versions of the Hipparcos catalog, we took radial velocities from the SIMBAD 1 (Wenger et al. 2000) database. The individual sources of radial velocities in SIMBAD are Wilson (1953); Gontcharov (2006) ; Kharchenko et al. (2007) ; Mermilliod et al. (2009) ; Kordopatis et al. (2013) and Kunder et al. (2017) .
In van Leeuwen (2009), 57 stars were found in the Pleiades region, from which he dropped four stars which were double stars with high orbital motion velocity. This data was not published with the paper and Dr. van Leeuwen kindly provided us the data on our request. We used this list as a base for the star parameters search and calculations. From the rest of the 53 stars, we could find the V r values for 48 stars in the SIMBAD. As already mentioned, for the HIP and HIP New data, we had at our disposal, two samples of parallaxes and proper motions data with their errors. These two samples are identical in stars and their radial velocities. Table 1 lists the stars with two sets of astrometric parameters for the two mentioned catalogues. Table 1 shows our sample of 48 stars with known radial velocities. The columns in Table 1 are: star number from the HIP catalog, the parallaxes and their errors (in mas), proper motions and their errors (in mas/yr) from HIP and HIP New, the radial velocity V r and its error σ Vr (in km/s) found in SIMBAD. The flags d1 and d2 when denoted by the "+" mark, represent double stars. Here, d1 comes from the HIP parameters. When the Catalog of Components of Double and Multiple stars (CCDM) identifier number in column H55 and/or H59 is non-empty, the flag of that star is 'double'. Also, if the identifier H61 shows a flag 'S', that means the star is suspected to be non-single. The flag d2 is taken from the Washington Double Star (WDS) 2 catalog. HIP data is used to illustrate the errors in the AD-diagram. HIP contains correlation coefficients necessary for constructing the error ellipses.
We checked the double star flag (d1,d2) as marked in the Table 1 which left us with 33 stars. The star number HIP 17401 was excluded as its V r value (−46.900 km/s) is outside the three sigma limit. Finally, we applied a cut-off of 2 km/s on the radial velocity error, which reduced our sample to 19 stars. To calculate the equatorial coordinate of the position of the average apex, we used these 19 single stars.
We used the sample of TGAS stars presented by van Leeuwen et al. (2017, Gaia collaboration) . We provide a list of 35 stars in Table 2 , for which we were able to find the radial velocities in RAVE DR5 (Kunder et al. 2017) . If there were more than one measurements of radial velocity, we chose the value with the smallest relative error. Table 2 columns indicate the star number from the TGAS catalog, the RA and DEC in ICRS, epoch = J2015.0, the parallaxes and their errors (mas), proper motions and their errors (mas/yr) from TGAS, the radial velocity and its errors (in km/s) from RAVE DR5, and the double star flags d1 and d2. Among the single stars in Table 2 , there are two stars with radial velocities significantly exceeding the average value for the Pleiades cluster. These stars are Gaia 5754128236100096 (V r = 44.166 km/s) and Gaia 67618281484716544 (V r = 109.263 km/s). For 13 stars, the radial velocity error exceeds 2.0 km/s. These 15 stars and 3 double stars are excluded from our calculations. Conclusively, we used 17 single stars from Table 2 .
Kinematical analysis

Apex of the moving cluster
We study the kinematics of Pleiades using HIP, HIP New and TGAS data. Using these data sets, we have calculated the apex (vertex or convergent point) position of the cluster and velocity ellipsoid parameters.
By virtue, the stars associated with an open cluster share the similar parameters like age, distance, kinematics and chemical composition. Our aim is to determine the point at which the motion of stars in the cluster will converge, i.e. vertex of Pleiades. For this, following two methods can be used:
1. The CP-method 2. The AD-chart method Results using different data inputs and based on the two methods applied independently are given below.
The convergent point method
The method of the convergent point is a classical method for identifying the cluster membership of stars with the help of proper motions vectors. It has been used for almost a century. In the consecutive years, the method has been explained and refined by several authors, e.g., Jones (1971) ; de Bruijne (1999); Galli et al. (2012) etc. This method allows to select stars by evaluation of parallelism of the components of proper motions.
For a group of N cluster member stars with coordinates (α, δ), located at a distance r i (pc), proper motions in RA and DEC, µ α cosδ and µ δ (mas/yr) and radial velocity, V r (km/s) are used in this analysis. Considering the above parameters, we can estimate the velocity components (V x , V y , V z ) along x, y and z axes in the coordinate system centered at the Sun (see, Elsanhoury et al. 2015) . In this coordinate system, the plane of the equator is taken as the main coordinate plane. The main axis of the OX reference is directed from the origin O to the vernal equinox T . The OY axis is at an angle of 90 degree to the OT axis. The OZ axis is perpendicular to the other axes and points to the North pole.
According to the well-known formulae given by Smart (1968) :
From the above equations and letting
α cos 2 δ i . the index i varies from 1 to N , which is the number of cluster members. So, we have the following equations for the cluster's vertex (A CP , D CP ):
The velocity dispersion (i.e. internal motions within the cluster) was not taken into account in this study the way it was used in other methods like de Bruijne (1999); Galli et al. (2012) . This would mean that the so-derived uncertainties in the apex positions are underestimated. It needs to resolve the selection of stars with imperfectly null vectors of proper motions, i.e. the components perpendicular to the direction of apex. For the present task, this was not relevant.
In Table 3 , we present the coordinates of the apex position A CP and D CP . In this task, we used 19 stars from Table 1 , HIP New (HIP numbers marked by asterisks) and 17 stars from Table 2 (TGAS IDs marked by asterisks).
The AD-chart method
The number of stars with available measurements of the proper motions is usually much higher than the number of available stars with known radial velocity values. However, for the complete picture of the stars' space motions, both proper motions and space veloctities are required. By including the radial velocities to identify stellar groupings that have a common movement in space, a stellar apex method was developed, known as the AD-diagram method.
This method has been used and discussed for the kinematics of Ursa Major kinematic stream (Chupina et al. 2001 (Chupina et al. , 2006 . This method is also used to study the Hyades (Vereshchagin et al. 2008) , Orion Sword region (Vereshchagin & Chupina 2010) , Praesepe (Vereshchagin & Chupina 2013), M 67 , Castor moving group (Vereshchagin & Chupina 2015) , and recently, NGC 188 (Elsanhoury et al. 2016) .
The AD-diagram method uses the notion of an "individual stellar apex". This term was introduced by analogy with the apex of the Sun or the cluster's apex -the point on the celestial sphere, towards which the object moves, in this case, a star. Individual apexes can be obtained, if for the vector of the space velocity of the star, the beginning is placed on the point of observation and it is extended towards the intersection with the surface of the celestial sphere. The intersection point is the desired apex. AD-diagram shows the positions of individual apexes in equatorial coordinates. The proximity of the locations of the points on the AD-diagram indicates the parallelism of the corresponding spatial velocity vectors. By condensing points on the diagram, we can distinguish groups of stars having a common motion in space. This method is convenient for its simplicity and clarity. Unlike the (U V W ) diagrams, where the speed ellipsoid needs to be considered, the stellar apex method allocates co-directional vectors on the 2D plane, with no restrictions imposed on the modulus of the velocity vector.
A formal description of the method, diagramming technique and formulae to determine the error ellipses can be found in Chupina et al. (2001) . This method requires knowledge of radial velocity and parallax. Note that the error ellipse can be determined for HIP data, but not for the HIP New stars as they do not have the required correlation between astrometric parameters. Gaia DR1 (TGAS) also provides the full covariance matrix for the stars with measured parallaxes and proper motions and allows to construct the error ellipses on the AD-diagram. We have constructed the error ellipses for both HIP and Gaia data, as they are shown in the panels (b) and (c) of Fig. 1 . More about this is discussed in Section 3.1.5. The AD-diagram could be used to study the kinematical structure of the cluster and to find out cluster's inner kinematical substructures.
Recently, Vereshchagin et al. (2014) and Elsanhoury et al. (2016) used the method explained by Chupina et al. (2001 Chupina et al. ( , 2006 for apex determination. In this method, equatorial coordinates of the convergent point are calculated as:
),
The (AD) error ellipses
The technique to determine various coefficients and formulae for (AD) error ellipses are explained in Brown et al. (1997); Chupina et al. (2001) . The formulae are given as follows:
where C is the proper motions and parallax covariation matrix
and J the Jacobian to transform matrix
the matrix A D and is as following:
The confidence region around the (A, D) is given by the formula
We use covariance matrix C for the calculations of errors ellipses shown in Fig. 1 . The coefficient C is equal to 11.83 for number of degree of freedom being two (see, Brown et al. 1997 ).
3.1.5 The AD-diagrams for different catalogs Figure 1 represents the AD-diagrams made with different astrometric data. We have separately plotted AD-diagrams taking only the single stars (left panels) and the double and multiple stars (right planes). This exhibits the difference in results when the astrometry data is not burdened by orbital movements in binary and multiple systems. Ultimately, only the single stars were used in all our calculations. In the top panel of Fig. 1 marked as (a) , results based on the parallaxes and proper motions taken from HIP New data (Table 1) (Table 1 ). The bottom panel (c) contain the AD-diagram calculated using TGAS sample ( Table 2 ). The data in Table 1 (based on HIP data) and Table 2 (on TGAS) made it possible to construct error ellipses. The choice of the order of panels is based on the ability to calculate the error ellipses. This is why HIP data is plotted in the panel (b), close to TGAS data (panel c) as they both have the error ellipses in their AD-diagrams. The information about the number of stars used in different panels is presented in Table 4 . The filled dots in red color (Fig.1) represent the stars whose radial velocity errors do not exceed 2 km/s. As mentioned earlier, only these stars were used to calculate the coordinates of the cluster apex.
It was deemed necessary to show AD-diagram according to the Hipparcos data in Fig. 1 , even though they are less accurate than HIP New in order to see the error ellipses. Please recall that the correlation coefficients necessary for building error ellipses exist in the HIP, but not in the HIP New. The radial velocities for the panels (a) and (b) are identical, as found in SIM-BAD. The bottom panel of the Fig.1 shows the main result which represents the diagram plotted using the Gaia astrometric parameters and radial velocities from RAVE DR5.
The results of apex position calculation using the data listed in Table 1 , HIP New (used n=19) and Table 2 (used n=17) are presented in Table 3 . Table 3 contains the coordinates of the cluster apex position with their mean square errors (σ A0 , σ D0 ) received by us and other authors for the comparison. The formulae for (A 0 , D 0 ) and the error ellipses for star apexes are discussed in the Sections 3.1.3 and 3.1.4.
The apex values calculated using different data sources do not differ significantly both in position and r.m.s. scatter. Also, these results show that the recently released Gaia data is more accurate than Hipparcos data. Points on the bottom panel in the Fig. 1 are distributed in more compact manner as compared to the top two panels but not in all the directions, i.e., along the inclined line, the scatter remains large. Points with errors in radial velocities exceeding 2 km/s are located in the trails of the diagrams, which are the farthest from the average position of the apex. Figure 2 represents a comparison of parallaxes taken from HIP New and TGAS. We see that there is significant difference between the individual parallaxes determined using the HIP New and TGAS. The scatter of points and individual errors for the HIP New data are several times higher than the corresponding values for TGAS data. Also, the values for the average parallax differ. The most recent Gaia data (Brown et al. 2016) confirmed the non-Hipparcos results of the Pleiades distance interval. The difference in parallax (Fig. 2) led to the differences in apex coordinates, but it is within 1
• as seen in Table 3 . We used the TGAS data from Table 2 to determine the average parallax of individual stars. For n=17 single stars in the Pleiades, the average parallax value was converted into the mean heliocentric distance of 136.8 ± 6.4 pc.
The cluster spatial velocity (relatively to the Sun)
The velocity of the cluster can be calculated by the following formula:
where λ is the angular distance from the star to the vertex:
The results of calculations of the positions of the cluster apex by different methods, as well as the obtained kinematical parameters and the parameters of velocity ellipsoid are given in Table 3 . Our values of the components of the spatial velocity of the cluster relative to the Sun (V x , V y , V z ) are shown in Table 3 . In order to compute components of space velocity in the Galactic space coordinates (U, V, W ), we used the tranformations given by Murray (1989) .
The velocity ellipsoid parameters
To compute the parameters of the ellipsoidal velocities for the members of Pleiades, we used a computational algorithm (see, Elsanhoury et al. 2015) . The coordinates, Q i , of the point i with respect to an arbitrary axis ξ centered on the stellar distributions center are determined. Then, the algorithm is used to calculate generalized form of the mean square deviation σ 2 , the direction cosines vector B, a symmetric matrix with elements µ ij and eigenvalues λ 1,2,3 . Now, we establish analytical expressions of some parameters for the correlation studies in terms of the matrix elements µ ij of the eigenvalue problem for the Velocity Ellipsoid Parameters (VEPs).
• The σ i ; i = 1, 2, 3 parameters are defined as
(1)
• The l i , m i and n i are the direction cosines for eigenvalue problem. Then we have the following expressions for l i , m i and n i as
where
The results of velocity ellipsoid parameters calculations are given in the Table 3 . In total, n=19 single stars from Table 1 , with σ Vr ≤ 2.0 km/s were used for HIP New and n=17 stars for the TGAS data (Table 2) calculations.
Discussion and Conclusions
Pleiades remains of great importance for understanding the stellar kinematics. Some parameters similar to this work were determined by Chen et al. (1999) ; Makarov & Robichon (2001) ; Galli et al. (2017) . Recent data with accurate measurements of astrometric parameters and radial velocities motivated us to carry out the present work.
The apex coordinate and various kinematical structure parameters of the Pleiades open cluster have been studied. A computational routine using the "Mathematica" software has been developed to compute the kinematical parameters of this cluster. We calculated the coordinate positions by two independent methods: AD-diagram and CP-method. • .04) using the AD-diagram. Different kinematical parameters are derived considering HIP New data and newly acquired Gaia astrometric data and the results are given in Table 3. Only single stars with σ Vr ≤ 2.0 km/s are used (red color points in Fig. 1) . Results from both the ADdiagram and CP methods are almost similar. As expected, TGAS shows better accuracy of input data in determining the positions of the apexes and other parameters (Table 3) . Our results of the determination of apex coordinates are in good agreement with the results of other authors (Makarov & Robichon 2001; Galli et al. 2017) , which are also mentioned in Table 3 . There is a discrepancy with the results obtained by Montes et al. (2001) , which could be because of the fact that they used the ESA HIP (1997) data.
The present cluster distance determination using TGAS+RAVE DR5 is in good agreement with previous results, but the distance value differs when, as was shown in Sec. 3.1.5, we used HIP New data given in Table 1. However, TGAS high accuracy could not be fully utilized. The reason is that the accuracy of the radial velocities is not yet comparable with Gaia astrometric accuracy, even for the RAVE DR5 catalog used here. For the same reason, the AD-chart (for Gaia data) presented in Fig. 1 has an elongated form. It is stretched both according to the positions of the individual points, and over the areas of error ellipses. It is obvious that the results from the Gaia data are more accurate and we will consider them as the main result of this work. Results from both the AD-diagram and CP methods are almost similar. We have shown that the kinematical parameters derived using Gaia DR1 (TGAS) data are more reliable than other data sets. But, this data set with a combination of Gaia DR1 and RAVE DR5 does not contain too many stars (35 stars, Table 2 ).
Thus, the Gaia DR1 data did not provide an advantage in terms of the number of stars found in the list of Pleiadian membership (Table 2 ). This fact made it impossible to study the fine structure of the AD-diagram and to identify possible kinematical groups within the cluster as we did for M 67 in .
In this paper, we determined various kinematical parameters of Pleiades using Gaia DR1 and Hipparcos data. As the main result, we derived the position of the apex for the cluster considering two different methods, the CP point and the AD method. We compared the AD-diagrams constructed from various data sources, i.e. HIP, HIP New and TGAS. The current sample of stars is not sufficient to enable the analysis of the structure of AD-diagram. The unprecedented high accuracy of the next data release of GAIA data (Gaia DR2) is expected to define the distribution of apexes in the AD diagram in a better way. This will also refine the details of the kinematical structure of the Pleiades and increase the number of Pleiades stars for consideration (Katz & Brown 2017) .
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